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APPROXIMATING A THREE-DIMENSIONAL FLUIDIZED BED WITH 
TWO-DIMENSIONAL SIMULATIONS 
Mirka Deza and Francine Battaglia* 
Mechanical Engineering Department 
Virginia Polytechnic Institute and State University 
Blacksburg, Virginia 24061 
ABSTRACT 
Fluidized beds can be used to gasify biomass in the produc-
tion of producer gas, a flammable gas that can replace natural 
~gas in process heating. Modeling these reactors with computa-
!ional fluid dynamics (CFD) simulations is advantageous when 
performing parametric studies for design and scale-up. From 
a computational resource point of view, two-dimensional sim-
, ulations are easier to perform than three-dimensional simula-
. lions, but they may not capture the proper physics. This paper 
'will compare two- and three-dimensional simulations in a 10.2 
.em diameter fluidized bed with side air injection to determine 
when two-dimensional simulations are adequate to capture the 
.bed hydrodynamics. Simulations will be completed in a glass 
bead fluidized bed operating at 1.5Umf and 3Umf· where Umf 
·is the minimum fluidization velocity. Side air injection is also 
imulated to model biomass injection for gasification applica-
. ·ons. The simulations are compared to experimentally obtained 
.··me-averaged local gas holdup values using X-rcy computed to-
. ography. Results indicate that for the conditions of this study, 
~two-dimensional simulations qualitatively predict the correct hy-
ltjrodynamics and gas holdup trends that are observed experimen-
rlally for a limited range of fluidization conditions. 
OMENCLATURE 
Particle diameter 
Coefficient of restitution 
Gravitational acceleration 
Diffusive flux of granular energy 
L_ 
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u Velocity vector 
t time 
C Fluctuation in the particle velocity 
Cn drag coefficient 
F Force 
I Interphase momentum transfer 
N Particle number 
P Pressure 
Q Volumetric flowrate 
R Interphase mass transfer due to chemical reaction or 
physical processes 
Re Reynolds number 
S Stress tensor of gas or solid 
U Fluidization velocity 
V Velocity of gas or solid 
Greek Letters 
E Void fraction 
cp Blend function 
y Rate of granular energy dissipation due to inelastic 
collisions 
f1 
p 
a 
'I' 
<I> 
8 
Dynamic viscosity 
Density of gas or solid 
Stress tensors 
Particle sphericity 
Granular energy transfer between gas and solid 
phases 
Granular temperature 
Copyright @ 2008 by ASME 
Superscripts/Subscripts 
b Bulk 
g Gas phase 
Index of particles 
lth solid phase 
m m1h solid phase 
mf Minimum fluidization 
p Particle 
s Solid phase 
INTRODUCTION 
Fluidized bed technology is receiving great attention due to 
concerted effons to improve the gasification of biomass, and im-
prove reactor design and efficiency. Biomass gasifiers convert the 
low-carbon content feedstock into valuable products such as fu-
els, basic chemicals and hydrogen [1,2]. The process offluidiza-
tion for gas-solid beds occurs when a gas flows through granular 
media (e.g., biomass and inert particulate media) and the media 
"flows", thus resembling a moving liquid. In tum, the fluidiza-
tion promotes gas-solid contact, resulting in good mixing, and 
high heat and mass transfer rates [3,4]. Unlike more traditional 
reactors for coal combustion or catalytic reactions [5), gasifying 
biomass poses formidable challenges due to their unique char-
acteristics. Biomass feedstock does not readily fluidize and is 
subsequently injected in a second inert material, typically re-
fractory sand, to improve the fluidization characteristics. The 
granular media is then composed of different particle sizes and 
densities that can lead to nonuniform distribution of the biomass 
particles [6] making their multiphasc flow characteristics unpre-
dictable [2]. 
The challenge in designing gasifiers, particularly those using 
biomass, is two-fold. First, fluidization is a dynamic process so 
that traditional methods to monitor and measure the fluid behav-
ior are difficult [7]. The bed material consists of the feedstock 
as well as the second inert material, creating an opaque media 
which is difficult to visualize. Second, biomass media range in 
density, particle size and shape, which can result in poor mix-
ing during the gasification process. A recent review by Cui and 
Grace [2] has directly identified that biomass hydrodynamics is 
unique and requires further characterization and modeling in or-
der to improve the fluidized bed processes. 
An important par.uneter for characterizing the hydrodynam-
ics is the minimum fluidization velocity Umf• which identifies the 
inception of fluidization when the inlet superficial gas velocity 
exceeds this critical value. The gas flow must be at a sufficiently 
high velocity to overcome the pressure drop within the bed that is 
proportional to the depth of granular media. Thereafter, the pres-
sure drop remains constant and produces a force to balance the 
gravitational effects on the media. The minimum fluidization ve-
locity is strongly dependent on the particle properties, fluid prop-
erties and bed geometry. The value of Umf should be determined 
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experimentally although correlations can be found in the litera-
ture [8], which require careful characterization of the particles. 
Furthermore, computational models require a priori knowledge 
like Umf to tune drag models that describe fluid-solid contacts as 
the distinct phases interact. Accurate computational fluid dynam-
ics (CFD) predictions can assist with the design and operation of 
biomass reactors without the need for expensive pilot-scale reac-
tors, and thus motivates the work herein. 
Research incorporating both experimental and computa-
tional approaches provides an optimal approach toward broaden-
ing our understanding of biomass fluidization. Heindel et al. [7] 
have reviewed the state-of-the-art methods for noninvasive mon-
itoring techniques for internal flows. Their recent work [9, 10] 
used X-ray computed tomography (CT) and radiography to ana-
lyze fluidized bed media such as melamine, walnut and corncob. 
The choice of bed media was prompted by using particle sizes 
and densities according to Geldart type B particles, a classifica-
tion identifying particles that will satisfactorily fluidize [II] . An 
additional motivation was selecting biomass materials that could 
be imaged using X-ray techniques. Franka ct al. [9, 10] found 
minimum fluidization velocities using pressure drop measure-
mente; and provided time-averaged local and global gas holdup 
based on X-ray CT imaging. The quantitative data obtained has 
been beneficial with validating computational models used in nu-
merical simulations by Deza ct al. [ 12, 13]. 
To date, the authors have validated two drag models for 
biomass fluidization [12, 13], namely, the Syamlai-O'Brien 
model [14] and the Gidaspow model [15]. The goals were to pa-
rameterize biomass properties such as sphericity and coefficient 
of restitution, and find a drag model that did not require exces-
sive a priori information not easily obtained experimentally. An 
important discovery was that the Gidaspow model (an empirical 
relation) was sufficiently robust and accurately predicted a flu-
idized bed of glass beads (the benchmark case because glass is a 
well characterized material) and a fluidized bed of ground wal-
nut shell, which served to represent biomass material. The CFD 
predictions were compared and validated with the corresponding 
experiments [9, tO) for pressure drop and gas holdup, and found 
to be in excellent agreement. The current successes prompted the 
next investigation, which involves a reactor with a side port for 
either gas and/or solid injection. 
As part of the reactor design, side air ports strategically 
placed along the reactor column can help promote and improve 
mixing and reactions. The features of the ports, such as location, 
diameter, and flowrate, increase the complexity of the reactor 
design even though the goal is to enhance reactor performance. 
Thus, investigations arc now pursued to determine the fluidiza-
tion hydrodynamics of gas-solid flows for a geometry with a sin-
gle side port. Franka et al. [10] have experimentally studied a 
I 0.2 em diameter reactor using glass beads and various materials 
to represent biomass. The efforts of this paper are to begin with 
a study using glass beads as the medium and validate new CFD 
predictions with the experiments. Of particular interest is the 
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use of two-dimensional (2D) versus three-dimensional (3D) sim-
ulations. Recent fluidization studies [12, 13, 16] have validated 
2D simulations with experiments and showed that for simple re-
actors (no side ports), a 2D simulation provides the correct hy-
drodynamic behavior with far less computational expense. How-
ever, we suspect that the introduction of a side port will induce an 
asymmetry in the flow that will preclude using 2D simulations. 
In this work, simulations of a fluidized bed of glass beads 
will be compared and validated with experiments for the same 
conditions. The experiments were accomplished using X-ray CT 
and radiography [10]. The simulations will be performed us-
ing the software Multiphase Flow with Interphase eXchanges 
(MFIX) [14]. Results will be presented for two gas inlet 
flowrates at the bottom of the bed and three cases for gas inlet 
flowrates through the side port. The simulations will be quantita-
tively compared with the experiments for pressure drop through 
the bed, particle distribution, and bed expansion heights. Prelim-
inary recommendations will be made as to the appropriate use of 
2D versus 3D simulations. 
NUMERICAL MODEL 
A multifluid Eulerian-Eulerian model is employed in Mul-
tiphase Flow with Interphase eXchanges (MFIX) [14] and as-
sumes that each phase behaves as interpenetrating continua with 
its own physical properties. The instantaneous variables are av-
eraged over a region that is larger than the particle spacing but 
smaller than the flow domain. Volume fractions are introduced 
to track the fraction each phase occupies in the averaging vol-
ume, where cg is the gas phase volume fraction (also referred to 
as the void fraction) and Esm is the solid phase volume fraction 
for the m1h solid phase. The volume fractions must satisfy the 
relation: 
M 
cg+ L tsm =I 
m=i 
(1) 
For a mixture of particles, each distinct particle type to be mod-
eled is represented as a solid phase m for a total of M phases. 
Each solid phase is described with an effective particle diame-
ter dp and characteristic material properties, and a conservation 
equation is solved for each solid phase. 
The continuity equations for the gas phase and the solids 
phases, respectively, are: 
a Ng 
at ( cgpg) + V · ( cgpgug) = n~i Rgn (2) 
a N,m 
a(tsmPsm) + v. (csmPsmUsm) = L Rsmn (3) 
t n=i 
The subscripts g and s indicate the gas and solid phases, respec-
tively, and n denotes a unique species. Other variables include 
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the density (p ), velocity vector ( u) and the rate of formation (R) 
that models interphase mass transfer associated with chemical 
reactions or physical processes. For the simulations in this study, 
the right-hand side ofEqns. (2) and (3) are set to zero. 
The momentum equations for the gas and solids phases have 
the form: 
a M 
at (cgpgug) + V · (cgpgugug) = V · O"g + L, lgm + cgpgg (4) 
m=i 
a 
at (csmPsmUsm) + V · (csmPsmUsmUsm) = V · O"sm- lgm 
M 
+ L lmt + tsmPsmg (5) 
m=il#m 
The expressions on the left side are the net rate of momentum 
generation and the net rate of momentum transfer by convection. 
The right side includes contributions for the stress tensors (a), 
gravity (g), the interaction force (Igm) accounting for the momen-
tum transfer between the gas phase and the m1h solids phases, and 
the interaction force (Imt) between the m1h and f1h solids phases. 
Kinetic theory for granular flow is used to calculate the solid 
stress tensor and solid-solid interaction forces in the rapid gran-
ular flow regime [14]. 
Based on kinetic theory, the granular temperature for the 
solid phases is introduced. The granular temperature em can be 
related to the granular energy, defined as the specific kinetic en-
ergy of the random fluctuating component of the particle veloc-
ity: 
(6) 
and the fluctuation in the particle velocity is Cm = Urn - Usm, 
where Urn is the instantaneous translational particle velocity and 
the symbol < > designates the operation of taking an average. 
The resulting transport equation for the granular temperature is: 
3 a 2[at (csmPsmPsm) + V · (csmPsmPsm)Usm] = 
O"sm : Vusm- V · qsm + Ysm + <!>gm (7) 
where qsm is the diffusive flux of granular energy, Ys is the rate 
of granular energy dissipation due to inelastic collisions [17] and, 
<J>gm is the transfer of granular energy between the gas phase and 
the m1h solids phase. 
Since the numerical simulations will model a cold-flow flu-
idized bed, the energy equation will not be employed in MFIX 
and therefore is not presented here. 
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Drag Modeling 
The interaction force (Igm) in the momentum Eqns. (4) and 
(5) mainly accounts for three different mechanisms of interac-
tion: bouyancy, drag force, and momentum transfer due to mass 
transfer, where: 
The first term on the right-hand side of Eqn. (8) models buoy-
ancy due to the fluid pressure gradient; the second term repre-
sents the drag force and is caused by the differences in veloc-
ity between the phases; and the third term corresponds to the 
momentum transfer due to mass transfer. The drag force is ex-
pressed as the product of the coefficient for the interphase force 
between the fluid phase and the m1h solid phase (Fgm) and the slip 
velocity between the two phases (u.-m- ug). The coefficient for 
the interphase force is different for each drag model. 
Gidaspow model 
The Gidaspow model [15] calculates the interphase drag 
force coefficient using two correlations depending on the void 
fraction value. For void fractions less than 0.8 the Ergun equa-
tion is used to calculate the interphase force coefficient and for 
void fractions greater than or equal to 0.8 the Wen-Yu equation 
is used. To avoid a discontinuity between the models, a blend 
function <j)gs is introduced: 
arctan [150 x 1. 75(0.2- ( 1 -£g))] (
9
) 
<j)gs = +0.5 
1t 
The interphase drag force for the Gidaspow model is ex-
pressed as: 
Fgm =(I- 4'1?\)Fgm(F.rgun) +<pgsFgm(Wen-Yu) (IO) 
where Fgm for the Ergun equation valid for£..,.< 0.8 is: 
and Fgm for the Wen-Yu equation valid for£..,.~ 0.8 is: 
(12) 
where the drag coefficient (CD) is expressed as: 
(13) 
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Numerical Methodology 
To discrctizc the governing equations in MFlX, a finite vol-
ume approach for a staggered grid is used to reduce numerical 
instabilities and ensure global conservation of mass and momen-
tum [18]. Velocities are stored at the cell surfaces, and scalars, 
such as void fraction and pressure, are stored at the center of 
the cell. Discretization of time derivatives are first-order and 
discretization of spatial derivatives are second-order. A modi-
. fication of the SIMPLE algorithm is used to solve the governing 
equations [18]. It should be noted that the MFIX code uses a 
variable time-stepping scheme to assist with convergence. 
Domain Specification 
One objective of this study is to determine the effects of us-
ing two-dimensional (2D) versus three-dimensional (3D) model-
ing of the cylindrical reactor used in the experiments of Franka 
et at. [I 0]. ln particular, the reactor has a side port injection so 
we are interested in learning if such an asymmetry has a signif-
icant impact in the CFD modeling. The first domain tested in 
the CFD modeling is a 2D plane in Cartesian coordinates, which 
represents the ccntcrplane of the cylinder with a I 0.2-cm diame-
ter and 30.5-cm height, as shown in Fig. 1. Previous work ofXie 
et al. [16] and Deza et al. [12, 13] have shown very good agree-
ment using a 2D approach for a cylinder with no side air injec-
tion when the flow is limited to the bubbling regime for Gcldart 
B particles. The second domain tested is a full 3D cylinder in 
cylindrical coordinates. 
For all simulations, a uniform inlet air velocity is specified at 
the bottom ofthe domain (see Fig. 1) to equal the superficial gas 
velocity and atmospheric pressure is specified at the exit. The 
side port injection is also modeled with a uniform air velocity at 
the inlet. The no-slip condition is used to model the walls of the 
domain for all phases. Table l summarizes the glass bead particle 
properties and flow conditions. Two inlet gas velocities are used; 
the lower velocity of Ug = 1.5Umf represents a mild bubbling bed 
and the higher velocity of L~ = 3.0Umf represents an industrial 
reactor flowrate [ 19]. Three side port injection flow rates are 
tested: a base case where Qs = 0 (cylinder with no injection port), 
and two additional cases where Qs = 5%Qmf and 10%Qmf, with 
Qmf the minimum fluidization volumetric flowrate. Based on the 
previous work of Dcza et al. [12], a grid resolution of 40x60 
is used for the 2D domain, which was found to produce grid-
independent results and 40 x 60 x 16 tor the 3D domain. 
CASES AND RESULTS 
As a starting point, the base case is used to confirm that the 
CFD modeling predicts the same pressure drop through the bed 
for both two- and three-dimensions. The pressure drop across 
the glass bead fluidized bed versus the superficial gas inlet ve-
locity is shown in Fig. 2, comparing the experimental measure-
ments to that predicted using MFIX. Once the bed is fluidized 
at~"/= 21.7 cm/s [10], the measured pressure drop is approxi-
Copyright @ 2008 by ASME 
side air 
injection 
port 
pressure outlet 
10.2 em 
freeboard 
unifonm gas inflow 
30.5 em 
10.2 em 
Figure 1: Schematic of the 2-D plane representing the bed cham-
ber of the cylindrical reactor. 
Table 1: Particle Properties and Flow Conditions 
Glass Beads 
particle diameter, dp (em) 0.055 
particle density, PP (g/cm3) 2.60 
bulk density, Ph (g/cm3) 1.48 
sphericity, 'If(-) 0.9 
coefficient of restitution, e (crn/s2) 0.95 
minimum fluidization velocity, Umf (crn!s) 21.7 
initial void fraction, c; (-) 0.43 
low superficial velocity, Ug = 1.5Umf (cm/s) 32.6 
high superficial velocity, Ug = 3.0Umf (crn/s) 65.1 
mately constant at 1200 Pa whereas the predicted pressure drop 
is approximately 1400 Pa. It should be noted that the CFD pre-
dictions are in very close agreement with the theoretical pressure 
drop and that the slight discrepancy with experiments is due to 
error associated with the slight irregularities associated with the 
actual glass beads in the fluidized bed. For example, the simula-
tions utilized a single particle diameter of 550 ,urn, whereas the 
experiments had a particle diameter range of 500-600 ,urn. It is 
particularly encouraging that for the base case, the 2D and 3D 
simulations are almost identical. 
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2-D Simulations 
3-D Simulations 
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Superficial Velocity (cm/s) 
40 
Figure 2: Superficial velocity versus pressure drop of 2-D and 
3-D simulations and experiment. 
Figure 3(a-c) presents contours of the void fraction using 
the glass bead bed for Ug = 1.5Umf and Qs = 5%Qmf· The 
simulations (Fig. 3a,c) are time-averaged from 5 to 40 s (which 
represents 3500 time realizations) and are compared to the ex-
periments (Fig. 3b). Also shown is the void fraction averaged 
across the bed width versus axial direction (Fig. 3d), which iden-
tifies that the bed height expands to approximately 11 em after 
fluidization. These side-by-side comparisons help elucidate the 
agreement between both the 2D and 3D simulations and their 
agreement with the experiments. Despite the side port injection, 
which tends to cause a slight nonuniformity of the fluidized me-
dia near the port, overall the bed uniformly fluidizes. This feature 
is observed in the experiments and the simulations also predict 
the same fluidization hydrodynamics. It is well established that 
glass beads tend to fluidize uniformly because the particles are 
almost spherical and glass has a high coefficient of restitution 
(i.e., highly nonelastic particles). 
Increasing the side air injection flowrate to Qs = 10%Qmf• 
Fig. 4( a-d) provides evidence that the results are still in very good 
agreement. However, the 20 simulations start to show deviations 
of the fluidization behavior closest to the side air injector. For ex-
ample, Fig. 4a shows that more gas is present near the side port 
thus forcing the glass beads toward the center of the bed. Fig-
ure 4d provides more quantitative evidence that the 20 modeling 
may not suffice for the higher injection flowrate; the predicted 
bed expansion is lower than the 30 simulations and experiments. 
The remaining two cases are for Ug = 3.0Umf for Qs = 
Copyright © 2008 by ASME 
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Figure 3: Average void fraction for the 1.5Umf and 5%Qmf fluidized bed from (a) 2-D simulation, (b) experiment, (c) 3-D simulation, 
and (d) averaged across the bed width versus axial direction. 
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Figure 4: Average void fraction for the 1.5Umf and 10%Qmf fluidized bed from (a) 2-D simulation, (b) experiment, (c) 3-D simulation, 
and (d) averaged across the bed width versus axial direction. 
5%Qmf and 10%Qmf, as shown in Figs. 5 and 6, respectively. 
Examining the 2D void fraction contours (Fig. 5a and Fig. 6a), 
the nonuniformity of the fluidization is very apparent. However, 
the 3D simulations (Fig. 5c and Fig. 6c) compare remarkably 
well with the experiments (Fig. 5b and Fig. 6b, which is very 
exciting because the inlet gas velocity Ug is large. More impor-
tantly, the side air injection flowrate does not affect the excellent 
comparison between the · 3D simulations and the experiments. 
Figures 5d and 6d clearly elucidate the importance of model-
ing a 3D domain to capture the hydrodynamics. Even though 
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the bed does not fluidize uniformly, i.e. , the void fraction is not 
uniform across the bed at a specific height, the same behavior is 
shown experimentally and computationally, and the 3D simula-
tions virtually collapse with the experiments. 
CONCLUSIONS 
Computational fluid dynamics was used to compare predic-
tions of fluidization hydrodynamics with experiments of a reac-
tor with side air injection. Two- and three-dimensional simula-
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Figure 5: Average void fraction for the 3.0Umf and 5%Qmf fluidized bed from (a) 2-D simulation, (b) experiment, (c) 3-D simulation, 
and (d) averaged across the bed width versus axial direction. 
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Figure 6: Average void fraction for the 3.0Umf and 10%Qmf fluidized bed from (a) 2-D simulation, (b) experiment, (c) 3-D simulation, 
and (d) averaged across the bed width versus axial direction. 
tions were performed to determine if both modeling approaches 1 
would capture the salient bed features. Glass beads were used 
for the bed material in this preliminary study because the prop-
erties of glass are well-characterized. Two superficial inlet gas 
velocities (low and high) were tested along with three side air in-
jection flowrates. The findings showed that 2D simulations were 
reasonable for the lower inlet gas velocities but that nonuniform 
fluidization predictions resulted for the higher inlet gas veloc-
ity that do not accurately reproduce the experiments. It is not 
surprising that the 3D simulations compared well for all cases; 
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however, the remarkably close correspondence for the higher in-
let gas velocity was not expected. Work is underway to continue 
these studies for biomass materials (see for example [10]) to fur-
ther validate the computational modeling and expand the range 
of flow parameters. Eventually, computational studies for reactor 
scale-up will be necessary to use CFD as a viable tool for reactor 
design analyses. 
Copyright @ 2008 by ASME 
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